The electronic structures of the stage-1 hydrogen-potassium-graphite ternary intercalation compounds C4KH, are investigated. The band structures of these compounds are determined in a Hohenberg-Kohn-Sham local-density-functional formalism using the self-consistent numericalbasis-set linear combination of atomic-orbitals method. Our band-structure calculation is carried out for C4 KH with three assumed in-plane superlattice models of hydrogen structure: (a) (2X2)R{0') model (x=0. 
I. INTRODUCTION Recently, much attention has been devoted to the hydrogen-potassium-graphite ternary graphite intercalation compounds (KH"GIC's). ' ' The stage-1 and -2 compounds have the chemical formulas C4KH and CSKH"respectively. The structure and electronic properties of these KH"GIC's have been investigated by many experiments. ' " However, there are some controversial discussions about them. As for the electronic structure, two different models are proposed from experiments. Two schematic pictures of the density of states are shown in
Figs. 1(a) and 1(b). In the figures, the potassium 4s band, hydrogen 1s band, and graphite upper and lower m bands are shown. In the model (a), the potassium 4s band lies above the Fermi level and therefore the charge transfer from this potassium band is perfect. On the other hand, the hydrogen 1s band lies below the Fermi level and the charge transfer to the hydrogen band is perfect. This result indicates that the hydrogen atom in these compounds has a localized electronic state. This model (a) is proposed from low-temperature specific heat, ' Shubnikov -de hass effect, optical reflectivity, and so on. In the model (b), on the other hand, the hydrogen ls state intersects the Fermi level and forms a metallic band. This model (b) is proposed from recent experimental results of proton NMR, ' electrical conductivity, thermoelectric power, and ESR, 'H NMR, and ' C NMR.
That is, the central problem is whether the hydrogen 1s state lies below the Fermi level or forms a metallic band intersecting the Fermi level.
In a previous paper, ' ' we calculate the band structure of the stage-2 compound C8KH"and show that the hydrogen 1s state forms a metallic band. That is, this result supports the electronic structure model (b) (see Fig.  1 ).
In the present paper, we present the calculated band structure of the stage-1 compound C4KH". Though it is known that this compound has a structure where potassium-hydrogen-potassium sandwiched layers are formed in the intercalant, the in-plane structure of a hydrogen layer has not been established. Therefore, in this study we use three simple models:
(2 X 2)R (0'); (2X+3)R(0', 30'); (IX&3)R(0 ',30') in-plane superlattice model (see Fig. 2 ). Our band-structure calculation is carried out for C4KH"with these three model structures.
Our results show that the hydrogen 1s state forms a metallic band in C4KH", as in the stage-2 CSKH, . Further, we discuss the feature of the band structure near the Fermi level, using simple tight-binding models. As a result, it is found that the charge imbalance between the nonequivalent carbon atoms in a graphite layer is important for understanding the separation of the m. * bands near the Fermi level around the I point of the Brillouin zone in Fig. 3 . Fig. 2(a) and the z axis is perpendicular to the layer plane. A unit cell is denoted by dashed lines in this figure. The unit cell contains 11 atoms: 8 carbon atoms, 2 potassium atoms, and 1 hydrogen atom. The carbon atoms are classified into three environmentally nonequivalent types by symmetry, and the two potassium atoms are equivalent. The three carbon atoms are denoted by numbers 1, 2, and 3 in Fig. 2(a) . The carbon 1 has one nearest-neighbor potassium atom in the adjacent potassium layer. On the other hand, the carbon 2 and 3 have two nearest-neighbor potassium atoms in the adjacent potassium layers. In the present calculation, we take account of the charge transfer among these nonequivalent atoms completely.
The reciprocal-lattice vectors are a' = (2n /a, -2m/&3a, 0), b" = (2n. /a, 2m/&3a, 0), c*=(0, 0, 2~/c) .
The Brillouin zone (BZ) defined by these reciprocallattice vectors is a hexagonal prism, as in graphite. This is shown in Fig. 3(a) Fig. 2(b) . The carbon 1 has one nearest-neighbor potassium atom in the adjacent potassium layer. On the other hand, the carbon 2 and 3 have two in the adjacent potassium layers. The BZ is a rectangular parallelepiped. This is shown in Fig. 3(b) .
um layer. On the other hand, the carbon 2 has two in the adjacent potassium layers.
III. RESULTS AND DISCUSSION
In this section, we first present the band structure of C4KH"obtained by the self-consistent calculation, and C. (1Xv 3)R(0, 30') in-plane snperlattice model The BZ is a hexagonal prism, as in the model (a) [Fig. 3(a) ].
The unit cell contains 12 atoms: 8 carbon atoms, 2 equivalent potassium atoms, and 2 equivalent hydrogen atoms. The carbon atoms are classified into two nonequivalent types. These two carbon atoms are denoted by numbers 1 and 2 in Fig. 2 ' ' ' ' The Hedin-Lundqvist parametrization' for the exchange-correlation potential was used. As a numerical basis set, in this study we take the 1s, 2s, and 2p orbitals of carbon, and 1s, 2s, 2p, 3s, 3p, and 4s orbitals of potassium and 1s orbital of hydrogen. The details of this method are presented in a previous paper. ' 
'
Our band-structure calculation is carried out for C4KH, with three assumed structure models (a), (b), and (c).
The calculated band structure of C4KH05 with the structure model (a) is shown in Fig. 4 Table II Fig. 4 
(b). [The model (b)
is the (2 X &3)R (0, 30') Fig. 4 
(c). [The model (c)
is (1 X&3)R(0 ',30') ' and ESR, ' if we neglect the transfer integrals more distant than nearest neighbors. Here, ao is lattice constant, co is diagonal energy, and y is transfer energy between the nearest-neighbor carbon atoms. The transfer energy @=3. 0 eV suffices to describe the band structure of graphite. As for the diagonal energy, we put co=0 eV. Next, we discuss the folding of these n. bands in the hexagonal-lattice model. Figure 6 shows the 2D BZ of Fig. 6 .
In Fig. 7 on carbon atoms in a graphite layer and neglect the transfer energy more than the nearest neighbor.
Our band-structure calculations (Sec. III A) show that the hydrogen atom acts as an acceptor to graphite while the potassium atom acts as a donor. In our tight-binding model, we assume that the only role played by the potassium atom and the hydrogen atom is to produce the charge transfer between these intercalant and the graphite layer. If we consider only the potassium layers adjacent to the graphite layer, carbon atoms are classified into two environmentally nonequivalent types ( A and 8).
In our tight-binding model, we consider only these two types. These are shown in Fig. 10 Fig. 7 (Sec. IIIB1) . When eWO, the n' bands split off around the I point. Figure 11 shows the energy dispersion in the case of c, =0.5 eV. This is similar to the feature in the calculated band structure [Figs. 4(a) and 4(c)]. Therefore, the feature of the separation of m* bands around the I point is well reproduced by using this two-parameter tight-binding model.
In our previous work, ' ' Figure 12 shows the energy dispersion in the case of @ =0.5 eV and 5=0.5 eV. In this case, the feature of the separation of the m. * bands in CSK is well reproduced. Therefore, the difference between the feature of the m* band separation in CSK and that in CSKH"can be understood in terms of the difference of the parameter 5. The amount of the charge imbalance between the nonequivalent carbon in CsK is large (this is about 0.5 in our previous calculation). Thus, the difference 5 between y"" (yacc ) and y "~i s important in CsK. On the other hand, the difference between y AA and EBB is not so important.
When yAA &y» or y» &yBB, the~* band obtained by the tight-binding model has essentially the same feature as in f AA =EBB, In this section, we discussed the energy separation of the m* bands of C4KH and C8K near the Fermi level around the I point, using simple tight-binding models.
We found that the charge imbalance between the nonequivalent carbon atoms in a graphite layer is important for understanding this separation, and the difference between the feature of the~* band separation in C8K and that in C8KH is due to the amount of the difference between the transfer energy y ""(y~~) and y "z. In conclusion, we have found that the H 1s state forms a weakly metallic band in C4KH", as in C8KH . We estimated the amount of the charge redistribution among the individual atoms and found that the hydrogen atom acts as an acceptor, while the potassium atom acts as a donor. The charge transfer to the hydrogen atom is imperfect. As a result, the H 1s-like band coexists with the graphite m '-like C8KH" is due to the amount of the difference between the transfer energy y ""(ya~) and y "a.
